This work is focused on developing an epoxy-based hybrid composite using BN and VGCNF, with the main motivation of producing thermally conducting but electrically insulating composite thermal interface materials (TIMs). Various compositions of BN/VGCNF/rubbery epoxy hybrid composites were developed by 3-roll milling. The thermal conductivity of hybrid composites increases with increasing VGCNF content and electrical conductivity decreases with increasing BN content. SEM showed that BN inclusion inhibits VGCNF contacts resulting in more electrically insulating composites. Compression testing showed that BN inclusion produced stiffer composites than those produced with VGCNFs at equivalent loading. The thermal contact resistance of 6 wt.% BN/8 wt.% VGCNF/rubbery epoxy composite was 3.36 × 10 -5 m 2 .K/W at a bond line thickness of 18 m. Thermal contact resistance measurements showed that hybrid composites can offer better interfacial thermal transport at thick bond lines and this improves with increasing VGCNF content due to increased thermal conductivity imparted by VGCNF.
Introduction
Thermal interface materials (TIMs) are vital for microelectronics packaging as they are responsible for improving interfacial thermal contacts between components, such as microprocessors, and heat sinks, thus ensuring sufficient heat removal from these components [1] . Conventional TIMs are made by dispersing inorganic fillers such as boron nitride (BN), aluminium nitride or silicon carbide in polymer matrices. These are primarily marketed as thermal pastes. Thermal pastes offer superior thermal interfacial contacts but they have issues of pump-out or dry out from interfaces when exposed to thermal and power cycle resulting in increase in thermal contact resistance which threatens microelectronic devices long term reliability [2] . Polymer composites are commonly used as adhesive TIMs since, as well as offering good thermal conductivity, their compliant nature suits gap-filling applications thereby improving contacts between the mating surfaces and also binding the surfaces to improve mechanical stability [3] . High thermal conductivity and low thermal contact resistance are the most desirable characteristics of TIMs [4] .
Recently, carbon nanofillers such as graphene, graphite nanoplatelets, carbon nanotubes and carbon nanofibres have been widely researched as fillers to produce heat dissipating polymerbased composites [5] [6] [7] [8] and thermal pastes [4, 9, 10] that offer great potential for thermal interface applications due to their high thermal conductivity and low thermal contact resistance, respectively. However, high thermal conductivity alone cannot ensure good interfacial thermal conductance. The performance of TIMs depends on many factors such as concentration and morphology of filler and on the wettability, spreadability and adhesion of the resulting polymer composite dispersions on substrates/components, which improve thermal contacts between the mating surfaces [11] . Also, the potentially high electrical conductivity of carbon nanofiller-based polymer composites is considered a drawback in microelectronic packaging. For carbon black thermal pastes, Lin et al. [12] addressed this problem by incorporation of exfoliated clay and fumed alumina into to carbon black-based thermal pastes.
Production of hybrid composites seems an easy solution for further improving conducting and mechanical properties of carbon nanofiller-based composites. By dispersing different types of carbon nanofillers or combining carbon nanofillers with inorganic fillers in a polymer matrix, a composite with multifunctional properties can be developed. There are several reports in which researchers have reported that hybrid combination of fillers can produce synergetic effects on the thermal, electrical and mechanical properties of composites [13] [14] [15] [16] .
BN is the most popular filler material for TIMs mainly due to its high electrical resistivity, which is important for avoidance of short-circuiting in certain systems, and high thermal conductivity (280 W/m.K). Like carbon nanomaterials, BN can also have several nanostructures which make it an interesting filler material for polymer composites [17] . Few research articles report thermal conductivity of hybrid composites produced with BN and carbon nanomaterials. Teng et al. [18] produced hybrid filler composites by dispersing functionalized multiwalled carbon nanotubes (MWCNTs) and BN in epoxy resin. only. The synergetic effect on thermal conductivity of composites was attributed to the formation of three-dimensional thermal transfer pathways between BN and MWCNTs. Ng et al. [20] reported that employing mixed BN and carbon fibre fillers in polybutylene terephthalate (PBT) composites did not enhance thermal conductivity and this was attributed to the low aspect ratio of the carbon fibres which could not help in formation of conducting networks. However, the authors found that incorporation of carbon fibres improved tensile properties and processability of BN/PBT composites. conductivity and mechanical compression properties of the resulting composites were studied.
To evaluate the performance of these composite adhesives as heat dissipating materials i.e., TIMs, selected hybrid composite coatings were studied as thermal interface adhesives according to ASTM D5470.
Materials and Methods
Hexagonal BN particles with average particle size of 5-10 m and VGCNF (Applied Sciences, Inc) with diameters of 70-200 nm and lengths from 10-50 m were used as composite fillers in this study ( Fig. 1 (a-c) ). Further details on VGCNF can be seen in [5] . Both BN and VGCNF were used as-received. Rubbery epoxy resin (RE) was used as a matrix, details of which can be seen in [24] . Briefly, rubbery epoxy is formed by mixing polyetheramine, a difunctional primary amine with repeating oxypropylene units in the backbone and a molecular weight of about 2000
(Jeffamine D2000, ex Huntsman corporation) with epoxy resin (Epikote 828 ex Hexion Chemicals) at a ratio of 75/25. Jeffamine D2000 is an amine curing agent, however, it should be noted that in rubbery epoxy the Epikote 828 epoxy resin effectively crosslinks the Jeffamine D2000 because Jeffamine D2000 is present in 3× higher quantity than the Epikote 828. The resulting material could therefore be logically termed "crosslinked polyether" but it is commonly known as "rubbery epoxy" because it has a glass transition temperature below normal ambient temperature [25] and significantly lower modulus than highly crosslinked glassy epoxy [24] .
The composites were produced using a 3-roll mill by dispersing BN and VGCNF in RE according to procedures described in our previous publication [26] . Briefly, a weighed amount of resin, BN and VGCNF was first mixed with mechanical stirrer at 1000 rpm for 5 min. The resulting dispersion was mixed in the roll mill according to the procedure described in [26] .
Composites were produced with BN content fixed at 6 wt.% while VGCNF content was varied from 8 to 12 wt.%. These total filler contents from 14 to 18 wt.% were selected to produce hybrid composites because dispersions with higher loadings could not be easily coated as thin at a strain rate of 0.5 mm min -1 [26, 27] . These composites were also tested, with cured matrix, as adhesives according to ASTM standard D5470 on a thermal contact resistance measurement rig to quantify their performance as TIMs. The details of the rig and the testing procedure have been described in our previous publication [28] . Briefly, the rig uses two copper cylinders between which an adhesive was sandwiched, whose thermal contact resistance is to be measured.
Firstly, the composite pastes (uncured) were sandwiched between copper substrates and cured at 125 ºC for 3 h and then placed in the rig for the measurement of thermal contact resistance.
There were two holes at precise locations in each cylinder for the insertion of probes (RTD, 1/10 DIN PT 100 Probe, Omega Engineering Ltd) for temperature measurement. The copper cylinders assembly (sandwiching the TIM composite adhesive) was placed between the heating and cooling stages. After achieving steady state conditions, temperatures were noted which were used to calculate thermal contact resistances according to equations reported in [17] . The total thermal contact resistance of the coating is proportional to its bond line thickness. The sandwiched paste after curing has a certain thickness, defined as the "bond line thickness", which was measured using a profilometer after thermal contact resistance measurement and subsequent separation of the copper cylinders.
Results and Discussion

Morphology
SEM images of freeze-fractured surfaces of BN/VGCNF/RE hybrid composites produced by 3-roll milling are shown in Fig. 1 (d-f) . It can be observed from these SEM images that both VGCNFs and BN are uniformly dispersed in the RE matrix. No significant agglomerates of the fibres or BN were observed. VGCNFs are interconnected to form conducting networks within the matrix whereas the BN particles do not form interconnects with one another and are separated by the matrix and VGCNFs. The effect of hybrid combination can be seen from the fact that BN inclusion in VGCNF/RE composite improved dispersion of VGCNF in the matrix.
Analogously, VGCNF reduced the number of interconnects between BN. The SEM images of the 45 wt.% BN/RE composite are presented in Fig. 2 . It can be observed that BN particles are well dispersed and distributed in the matrix. The particles' interconnects can be clearly seen from these images. In contrast, particle interconnects are lessened in hybrid composites ( Fig. 1) . It is important to mention here that further higher loading of BN was found to be difficult using the roll mill as the resulting dispersion had very high viscosity which cannot be poured in a mould or coated on any substrate. 
Thermal conductivity
The thermal conductivities of BN/VGCNF/RE hybrid composites (bulk samples) are presented in Fig. 3 . For comparison thermal conductivity of VGCNF/RE composites at equivalent loadings of filler are also presented in Fig. 3 . 
Electrical conductivity
The electrical conductivities of BN/VGCNF/RE hybrid composites are presented in Table 1 . For comparison electrical conductivities of VGCNF/RE composite at equivalent loadings of filler are also presented in Table 1 .
It can be observed from Table 1 that, due to its high electrical resistivity, the incorporation of BN decreases the electrical conductivities of hybrid composites significantly compared with the corresponding VGCNF-only composite. In the case of 2 wt.% BN/10 wt.% VGCNF/RE composite, electrical conductivity decreased by ~2.5× compared to 10 wt.% VGCNF/RE.
Furthermore, the electrical conductivity of 6 wt.% BN/8 wt.% VGCNF/RE composite is 6.6× lower than that of 8 wt.% VGCNF/RE and 28× lower than the non-hybrid composite consisting of approximately equivalent loading of VGCNF (14 wt.% VGCNF/RE). The electrical conductivity of 6 wt.% BN/12 wt.% VGCNF/RE hybrid composite at total filler loading of 18 wt.% is also ~6× lower than the 18 wt.% VGCNF/RE composite. Thus, the electrical conductivity data suggests that additions or substitutions of BN in the conducting networks of VGCNFs add significant resistance to the electron transport and reduce the efficiency of the conducting networks. The results also highlight the fact that addition of electrically insulating filler into carbon nanofiller/polymer composites could be a way of producing composites with low electrical conductivities for thermal interface applications. Data represent an average of measurements on at least 3 specimens of each sample *Interpolated from an electrical conductivity vs. wt.% VGCNF plot in [23] .
Compression testing
The compression properties of BN/VGCNF/RE hybrid composites and of VGCNF/RE composites produced by roll milling are presented in Table 1 and Fig. 4 .
It can be seen from Table 1 that inclusion of BN alone at 6 wt.% increases the compressive modulus, strength and strain to failure of RE composite by ~1.6×, 2.7× and 1.5×, respectively.
Compared to 6 wt.% BN/RE composite, the modulus of 8 wt.% VGCNF/RE composite at 2 wt.% higher loading of VGCNFs decreased while the compressive strength and strain to failure increased slightly. This shows that BN can produce stiffer composites than VGCNFs at equivalent filler loading. The BN used in this study consists of micron sized particles, whereas VGCNF are nanosized fibres. Thus the interfacial area of BN with rubbery epoxy is lower than that of the VGCNF with rubbery epoxy. The lower interfacial contact area for the former means that BN particles can also develop some interconnects which could be much more extensive than those between VGCNFs due to their platelet morphology, as can be seen from Fig. 2 . Thus, there would be less resin present between BN particles, thereby allowing more interaction between BN particles under compression. This increases the modulus of BN-based composites resulting in less compliance. On the other hand, the higher interfacial area between the fibres and resins, and greater dispersion of VGCNF on sub-microscopic level, allows fewer interconnects between the fibres. This allows deformation of rubbery epoxy before the stress transfers to the fibres, leading to lower modulus and more compliant composites. It can also be seen from Table 1 The compression properties of 45 wt.% BN/RE composite are also presented in Table 1 . It can be observed from Table 1 that 45 wt.% BN/RE composite has ~4.5× higher compressive modulus compared to the pure RE. On the other hand, VGCNF at 40 wt.% loading also produced a composite with only ~2.8× higher modulus than pure RE [23] . This comparison suggests that
VGCNFs not only produce composites with comparable thermal conductivity to that of BN based composites at significantly lower loadings of filler but also produce more compliant composites than BN. It should also be noted that BN increases the compressive strength of RE by ~7× at maximum possible loading (45 wt.%) which is attributed to better dispersion of BN in RE by roll milling. 
Thermal contact resistance
The total thermal contact resistance of hybrid composite 5 ). This is 22 % higher than that measured by the hot disk method for the bulk composite. µm. This is estimated to be 1.2× lower than that of the 6 wt.% BN/8 wt.% VGCNF/RE composite at equivalent thickness (based on the equation of linear fit, Fig. 5 ). This suggests that the thermal contact resistance of a hybrid composite decreases with increase of VGCNF loading.
Increasing the amount of VGCNF increases the thermal conductivity of the hybrid composite ( Fig. 3) and so it appears that the higher thermal conductivity of 6 wt.% BN/12 wt.% VGCNF/RE hybrid composite contributes to reducing the thermal contact resistance of this composite cf. 6 wt.% BN/8 wt.% VGCNF/RE.
The thermal contact resistance of 6 wt.% BN/8 wt.% VGCNF/RE composite is 1.74× higher than that of the 15 wt.% VGCNF/RE composite at equivalent bond line thickness of 18 µm. This is attributed both to the former's lower thermal conductivity (0.72 W/m.K, cf. 1 W/m.K for the latter, according to the steady state method) and to its lower conformability. Even with its increased VGCNF content, the thermal contact resistance of 6 wt.% BN/12 wt.% VGCNF/RE composite is still 1.4× higher than that of the 15 wt.% VGCNF/RE composite. This again suggests that inclusion of BN in VGCNF-based composites deteriorates their performance as thermal interface adhesives and that the VGCNF-only composites can perform much better than hybrid composites. BN particles due to their large size (5-10 m) have decreased conformability of VGCNF/RE composites resulting in increased thermal contact resistance of hybrid composite.
The thermal contact resistance of 6 wt.% BN/8 wt.% VGCNF/RE composite does not change as a function of applied pressure as shown in Fig. 6 and this confirms that adhesives do not pumpout from interface like thermal pastes. The comparison of the thermal contact resistance of 45 wt.% BN/RE composite with those of VGCNF/RE composites, thermal pastes and commercial TIMs is presented in Table 2 . The thermal contact resistances of graphite nanoplatelet (GNP)-based and carbon black (CB)-based pastes reported by Lin et al. [4] are also presented in Table 2 . These authors reported very low thermal contact resistance for these pastes on both smooth and rough surfaces. For example, the thermal contact resistance of 5 wt.% GNP-based paste measured under a pressure of 0.46
MPa between smooth surfaces was ~ 4 × 10 -6 m 2 .K/W but was obtained at bond line thickness of 0.2 m. However, thermal contact resistances of these pastes for thick bond lines under no loading condition are much higher as shown in Table 2 . The thermal contact resistance of our hybrid 6 wt.% BN/8 wt.% VGCNF/RE composite adhesives is 23 % and 31 % lower than that of 5 wt.% GNP-based paste at bond line thicknesses of 18 and 95 m, respectively. Similarly, CBpaste had much higher thermal contact resistances than our hybrid composites for thick bond lines. The results show that hybrid composites produced in this study can perform better for thick bond lines since these require high thermal conductivity from the TIM and, with the additional benefit of bonding the mating surfaces, can give longer-term performance.
Conclusions
Hybrid composites of BN/VGCNF/RE were developed by 3-roll milling. SEM analysis showed that both BN and VGCNF were uniformly dispersed in the matrix. 
